Objective: The aim of this study was to evaluate the impact of intercostal and lumbar segmental arteries (SAs) detectable on computed tomography angiography (CTA) on the risk of spinal cord ischemia (SCI) in patients undergoing single-step or two-staged branched endovascular aneurysm repair (BEVAR).
Branched endovascular aneurysm repair (BEVAR) is a minimally invasive therapeutic option for patients with thoracoabdominal aortic aneurysms (TAAAs). [1] [2] [3] [4] However, perioperative spinal cord ischemia (SCI) with paraplegia is a severe complication after BEVAR, with an incidence of 0% to 20%. 5, 6 Endovascular therapy impairs spinal perfusion through occlusion of intercostal and lumbar arteries at the level of the proximal and distal landing zones, with an increased risk of paraplegia. 7 In addition, thrombosis of the aneurysm sac will lead to further secondary reduction of spinal cord perfusion. Spinal cord perfusion is mediated by posterior intercostal and lumbar arteries with further blood supply provided by branches of the left subclavian and vertebral artery and by both hypogastric arteries. 7, 8 Recent reports indicate that the regulation of spinal cord perfusion is additionally mediated by paraspinal arterial collaterals, segmental spinal arteries, dorsal branches of posterior intercostal arteries, and lumbar arteries, representing the spinal collateral network. [9] [10] [11] In a previous report, we have shown our experience with the open branch/temporary aneurysm sac perfusion (TASP) concept, based on the hypothesis that noncompletion of at least one stent graft side branch is expected to prevent complete aneurysm sac thrombosis and to maintain spinal cord perfusion through patent intercostal or lumbar arteries, with the intention of reducing the risk of SCI or for early recovery from paraplegia after BEVAR. 12 The rate of severe SCI was significantly lower within the open branch/TASP group, suggesting an improved outcome after a two-staged open branch approach during BEVAR. Other previous reports have also propagated staged interventions with two-step coverage and staged occlusion of spinal segmental arteries (SAs), which appear to reduce SCI rates, probably because of expansion of the spinal collateral network. 13, 14 Given the complexity of the spinal vascular anatomy, the standard of reference for clinical evaluation of spinal perfusion was previously considered intra-arterial digital subtraction angiography. 15 Nowadays, multislice computed tomography angiography (CTA) 16 and contrast-enhanced magnetic resonance angiography are the preferred methods for aortic imaging. 17, 18 We have considered CTA the appropriate technique to evaluate the intercostal and lumbal arteries because of excellent temporal and spatial resolution 15 but also because it provides sufficient visualization of the SAs after endovascular repair with stainless steel stent grafts. 19 The aim of the study was to discover a possible explanation of the previously reported positive effect of the open branch/TASP technique on spinal perfusion and furthermore to find a predictive parameter associated with severe SCI. We have therefore analyzed retrospectively and semiquantitatively the number of visible SAs on preoperative and postoperative CTA images in subgroups of patients with or without open branch/TASP and during the TASP interval.
METHODS
Study design. In this single-center study, the number of visible SAs and early neurologic outcome were evaluated in patients with TAAA undergoing BEVAR between January 2009 and June 2015. The number of visible SAs in the stented aortic segment before, after BEVAR, and at the end of the TASP interval was evaluated by semiquantitative analysis of contrast-enhanced CTA to investigate a possible correlation between the number of macroscopically detectable spinal arteries and neurologic outcome after BEVAR. In addition, results of patients receiving immediate side branch completion (single step) were compared with those of patients having a two-staged procedure with aneurysm sac perfusion (open branch/TASP). The inclusion and exclusion criteria as well as the BEVAR procedure have been previously published. 12 All patients underwent preoperative CTA either at the referring medical center or in our institution. Preoperative CTA was repeated in our institution if the initial scan was of insufficient quality or performed with a slice thickness of >1 mm. Patients underwent postoperative CTA usually 4 to 6 days after the intervention, according to the clinical course and the renal function. For prevention of paraplegia, spinal fluid pressure was kept <12 mm Hg and mean arterial pressure >90 mm Hg during the intervention and the first 3 to 5 postoperative days.
Neurologic evaluation. Clinical symptoms indicating SCI at discharge or 30 days after the procedure were classified according to the modified Tarlov paraplegia scoring scale (0-5), 12 based on the description of deficits of motor neuron function. 20, 21 The description of the modified Tarlov scale is shown in Table I . 12 Scores of 0 to 2 were considered severe SCI.
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Analysis and evaluation of visible intercostal and lumbar SAs. Visible intercostal and lumbar SAs on CTA were quantified in the thoracoabdominal aortic segment before intended stent graft implantation. A visible artery was defined by good contrast opacification with a diameter >2 mm 7 and a contrast density corresponding to Data collection and statistical analysis. Data were collected prospectively in an institutional database and analyzed retrospectively. Data were analyzed using SPSS version 20.0 (IBM, Armonk, NY). Descriptive data for numeric variables are given as mean 6 standard error or median. Possible correlations between variables were calculated using a c 2 test with Pearson or Fisher exact test to indicate statistical significance. Student t-test was used to compare continuous variables. A P value < .05 was considered to indicate significant differences. On the basis of a post hoc power analysis for this parallel-design study with 77 patients, the probability was 80% to detect a significant treatment difference at a two-sided .05 significance level, if the absolute difference between the treatment groups is 2.9 arteries, based on a standard deviation of the response variable of 4.52.
RESULTS
BEVAR for TAAA. Seventy-seven patients treated with BEVAR for TAAA were evaluated; 37 had a single-stage procedure, and 40 patients received BEVAR within the open branch/TASP concept. In the open branch/TASP group, the median time interval between the initial and the side branch or aortoiliac completion procedures was 61.2 6 13.3 days (mean, standard error of the mean; range, 5-370 days). The characteristics of patients treated for TAAAs are shown in Table II ; preoperative patient demographics and comorbidities were similar in both of the groups, although a few more Crawford type I-III patients were treated in the open branch/TASP group. Branched endografts implanted for endovascular TAAA repair had 3.6 side branches per patient (mean; range, 1-5), and perioperative successful side branch catheterization was 97.4% (269/276 branches). CSF drainage as an adjunct for prevention of paraplegia was performed in 71 of 77 (92.2%) patients. In the single-step group, 32 of 37 (86.4%) had CSF drainage; in the open branch/TASP group, 38 of 40 (95%) patients had CSF drainage during the first operation and 11 of 37 (29.7%) patients during the second intervention. All patients developing paraplegia during the single-step procedures had CSF drainage, but one of the two patients with paraplegia in the open branch/TASP group had refused CSF drainage.
Perioperative outcome. All patients underwent successful branched endovascular repair. Perioperative 30-day mortality was 3% (1/77). Length of treatment in the intensive care unit was 7.98 days (range, 2-55 days), and the hospital stay was 23.6 days (range, 8-69 days). Severe complications were observed in seven patients, including one patient with intestinal ischemia and lethal outcome in the early postoperative period. Acute kidney injury leading to permanent dialysis was observed in four patients, and two patients had an extended respiratory failure with invasive pulmonary support for >20 days. (Fig 3) .
To investigate a possible association of the number of overstented SAs with an increased risk for SCI, we have quantified SAs in the single-step group and evaluated the neurologic outcome in these patients. As shown in Table IV , the risk of SCI was correlated to the number of overstented SAs, with a >30% risk of SCI after more than 15 SAs were overstented. This finding was confirmed by receiver operating characteristic curve analysis in the single-step group. A cutoff point of 15 overstented SAs was determined as a predictive indicator for severe SCI (standard error, .069; 95% confidence interval, 0.696-0.965; P ¼ .005). In the single-step subgroup, 8 of Table V ). The findings indicate that the open branch/TASP concept seems to prevent SCI, especially in this high-risk group of patients with long overstented aortic segments. Finally, we examined the influence of unintended type II endoleaks after completion of single-step or staged BEVAR on the risk of SCI. Overall, 9 patients had type II endoleaks, and 2 of them had SCI (22.2%), whereas in 68 patients with no endoleak, 8 patients were suffering from severe SCI (11.8%). The analysis showed that there was no statistically relevant correlation between the presence or absence of type II endoleaks and the risk of SCI in our cohort. These findings at least seem to indicate that persistent type II endoleaks do not play a role in prevention of SCI and the open branch/TASP effect reported is not caused by spinal cord perfusion through unintended type II endoleaks.
DISCUSSION
The data presented seem to support the open branch/ TASP concept with the intention to temporarily maintain spinal cord perfusion to reduce the risk of severe paraplegia in patients with BEVAR. 12 In our study, only two
patients within the open branch/TASP group suffered from severe SCI, whereas in the single-step group, severe SCI was observed in eight patients. Both groups were homogeneous without significant differences in the characteristics of the patients, including the extent of the aneurysmal disease.
We have used multidetector high-resolution CTA to identify visible SAs. 19, 23 On the basis of our analysis, we found that the stent graft coverage of the aortic segments did not necessarily occlude the SAs originating within this region. More than 50% of SAs remained visible after stent graft implantation and primary or secondary completion during BEVAR. However, the reduction of detectable and probably perfused SAs was significantly correlated with the risk of SCI, particularly in the single-step group. During the early postoperative period after BEVAR, spinal cord perfusion seems to be reduced as indicated by the decrease of visible SAs. A time interval of 3 to 5 days is required for compensation of spinal perfusion, as reported in animal studies. 10 As shown in our study, staged occlusion of SAs in the open branch/TASP group leads to temporary preservation of more visible SAs, which seems to be crucial for restoration of the postoperatively fragile spinal cord perfusion. The TASP interval could therefore provide the time necessary to increase spinal cord perfusion through the collateral network, probably induced by compensated ischemia. Based on the observation that a higher number of overstented SAs was associated with a higher risk of paraplegia, we sought to detect a predictive number of overstented SAs associated with SCI by receiver operating characteristic curve analysis. As shown in our data analysis, a number of more than 15 overstented SAs in the single-step procedure group was predictive for a significantly higher risk of paraplegia. Other investigators have previously also noted the extent of the endovascular repair as a predictive factor indicating an increased risk of SCI. [24] [25] [26] [27] [28] Endoleaks occur after endovascular aneurysm repair and BEVAR in 10% to 15% of the patients treated. 29, 30 Most of the type II endoleaks are treated conservatively under regular surveillance if the aneurysm diameter shows aneurysm shrinkage or at least an unchanged and stable situation. Because the TASP effect reported previously and confirmed in this study might be caused by persistent type II endoleaks with persistent flow to the intercostal or lumbar arteries, we have investigated the role of type II endoleaks in the open branch/TASP and single-step patients. Although the number used for the calculation in this study to evaluate the role of type II endoleaks regarding the risk of SCI is small, preliminary data indicate that persistent type II endoleaks do not seem to prevent severe SCI in patients after BEVAR.
Limitations. The study reported was performed retrospectively and might have limitation regarding data collection and incompleteness of postoperative CTA images available for analysis. In addition, the semiquantitative evaluation of SAs, visible on CTA, does not represent the spinal cord perfusion on the capillary level. However, so far, other imaging methods to evaluate spinal cord microcirculation in vivo are not available.
CONCLUSIONS
The study seems to support the reported protective effect of the open branch concept with TASP regarding the risk of paraplegia during BEVAR. The described staged endovascular TAAA repair is associated with preservation of more visible spinal arteries on CTA during the TASP interval, providing time required for compensation of the collateral spinal network to restore spinal cord perfusion. An intended occlusion of more than 15 SAs during BEVAR has an increased risk for SCI, and a staged open branch/TASP procedure is associated with a reduced risk for paraplegia in these high-risk patients. 
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